Summary
Although dense animal communities at hydrothermal vents and cold seeps rely on symbioses with chemoautotrophic bacteria [1, 2] , knowledge of the mechanisms underlying these chemosynthetic symbioses is still fragmentary because of the difficulty in culturing the symbionts and the hosts in the laboratory. Deep-sea Calyptogena clams harbor thioautotrophic bacterial symbionts in their gill epithelial cells [1, 2] . They have vestigial digestive tracts and nutritionally depend on their symbionts [3] , which are vertically transmitted via eggs [4] . To clarify the symbionts' metabolic roles in the symbiosis and adaptations to intracellular conditions, we present the complete genome sequence of the symbiont of Calyptogena okutanii. The genome is a circular chromosome of 1,022,154 bp with 31.6% guanine + cytosine (G + C) content, and is the smallest reported genome in autotrophic bacteria. It encodes 939 protein-coding genes, including those for thioautotrophy and for the syntheses of almost all amino acids and various cofactors. However, transporters for these substances to the host cell are apparently absent. Genes that are unnecessary for an intracellular lifestyle, as well as some essential genes (e.g., ftsZ for cytokinesis), appear to have been lost from the symbiont genome. Reductive evolution of the genome might be ongoing in the vertically transmitted Calyptogena symbionts.
Results and Discussion
Genome Structure The genome of the Calyptogena okutanii symbiont (CoSym) is a circular chromosome of 1,022,154 bp with 31.6% G + C content (DNA Data Bank of Japan accession number AP009247; Figure S1 in the Supplemental Data available online, Table 1, and Table S1 ), and is the smallest reported genome in bacterial autotrophs. No plasmid was found. The CoSym genome contains 939 protein-coding genes, a single ribosomal RNA operon, and 35 tRNA genes specifying all 20 amino acids. Neither a transposon-nor a phage-related sequence was found in the genome.
Reduced Genome
In the maximum-likelihood phylogenetic tree of genomesequenced g-proteobacteria based on 16S rRNA gene sequences, the CoSym branched with species of Thiotrichales (e.g., Thiomicrospira crunogena XCL-2 [2.43 Mb], a deep-sea-vent-dwelling sulfur-oxidizing g-proteobacterium, and Francisella tularensis [1.89 Mb]), although the bootstrap support was low (63%) ( Figure S2 ). The genome sizes of both T. crunogena and F. tularensis are much larger than that of the CoSym. Considering the additional fact that several essential genes are missing in the CoSym genome (see below), it seems reasonable to assume that the ancestor of the CoSym had a larger genome and that the CoSym genome has been reduced.
In addition to having a smaller genome than free-living bacteria from the same environment ( Figure S2 ), the CoSym genome is also reduced compared to that of the environmentally transmitted intracellular symbiont in Riftia pachyptila (3.3 Mb) [5] . Genetic isolation and the small effective population size of the symbiont transmitted to ensuing generations are important for fixation of nearly neutral mutations and for the loss of genes unnecessary in an intracellular lifestyle [6] . The population of the CoSym in each primary oocyte is apparently small and is probably a population bottleneck (see Figure 1 in [4] ). In Buchnera, an intracellular symbiont of aphids with a genome size of 0.64 Mb (Table 1) , high copy numbers (an average of 120 copies per cell) of the genome have been proposed for slowing down Muller's rachet or avoiding mildly deleterious mutations [7] . However, microfluorometry of the DAPI-stained CoSym showed that the DNA content was 0.84 6 0.48 Mb per cell (mean 6 SD, n = 80), i.e., one genome copy per cell. In addition to the losses of genes in the DNA-recombination and -repair systems as described below, the population bottleneck and a single copy of the genome might affect the rate of genome reduction in the CoSym.
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Missing Essential Genes
Several genes essential for life in free-living gram-negative bacteria [8] are missing in the CoSym genome ( Table  2 ). The CoSym has lolDE but lacks the essential lolABC that is involved in the localization of lipoproteins to the outer membrane [9] . Additionally, essential genes for cytokinesis (ftsZ and related genes) [10] are missing. Electron microscopy in previous literature [2] and in our preliminary studies has shown that some symbiont cells within the host cell apparently undergo division ( Figure S3 ). Although a lack of ftsZ has been reported in a few bacteria (Chlamydiae, Ureaplasma mycetes, and Pirellula sp.) and in Crenarchaeota [11] , the mechanism of cell division without FtsZ remains to be studied.
For maintaining the CoSym population stably in the host cell without such essential genes, the function of the missing essential genes might be replaced by an alternate gene in the genome or by interactions with the host. If the latter hypothesis is the case, the host might be involved in the stable maintenance of the symbiont population in the host cell, e.g., controlling the cell division of the ftsZ-lacking symbionts.
Genomic Features of Intracellular Symbionts
The CoSym genome lacks most genes for DNA recombination (it lacks all rec genes except recG and recJ) and for the SOS system (it lacks lexA, umuCD, and uvrBC but possesses uvrAD). The lack of these genes makes the genome vulnerable to DNA damage and might increase the mutation rate in the CoSym. The insects' intracellular g-proteobacterial symbionts, Buchnera, Blochmannia, and Wigglesworthia, also lack most genes for DNA recombination and repair (Table 3 ) [12] [13] [14] . Although the intracellular a-proteobacterial symbiont, Wolbachia, has some of these genes, such as recAFRJ and uvrABCD [15] , there might be a general tendency for vertically transmitted intracellular symbionts to have fewer genes involved in DNA recombination and repair (Table 3) .
Further evidence for the CoSym's being a vertically transmitted symbiont in a stable environment is that it has no gene for flagellum or related secretary systems, which are important for infection of the host cell. Although the insect intracellular symbionts Buchnera and Wiggleworthia have flagellum, and Wolbachia has a type IV secretory system, motility and infectious machinery might be dispensable in a continuous intracellular lifestyle (Table 3 ). The CoSym has only two RNA-polymerase sigma factors for housekeeping and stress-induced transcriptions (rpoD and rpoH, respectively) and only two two-component regulatory systems. A genome with a small number of genes for signal transduction in response to environmental changes might be a common characteristic of intracellular symbionts adapting to the homeostatic environment within the cell (Table 3 ) [12] . The number of genes involved in cell-wall and -membrane biogenesis is much smaller in the genomes of intracellular symbionts (including the CoSym) than in the genome of the free-living thioautotrophic g-proteobacterium T. crunogena XCL-2 ( Table  3) . Many of these genes might have been lost in the evolution of intracellular symbiosis.
Sulfur Metabolism and Energy Conservation
For chemoautotrophic sulfide oxidation, the CoSym genome has genes for sulfide-quinone oxidoreductase (sqr), dissimilatory-siroheme-sulfite-reductase complex (dsr), partial sulfur-oxidizing multienzyme system (it has soxXYZA and soxB but lacks soxCD), adenosine 5 0 -phosphosulfate (APS) reductase (apr), and ATP sulfurylase (sat) (Figure 1 ). The final oxidation product, sulfate, is probably pumped out from the symbiont cell by a putative sodium and sulfate transporter. Liberated electrons are apparently used to produce ATP via the respiratory electron-transport chain, which is composed of complexes I, III, IV, and V ( Figure 1 ). Nitrate respiration has been reported in the clam Lucinoma aequizonata [16] with a thioautotrophic bacterial symbiont and in the tubeworm R. pachyptila [17] . The CoSym genome encodes genes for the nitrate transporter (narK), the respiratory nitrate-reductase complex (narGHIJ), and the nitrite-reductase complex (nirBD) (Figure 1 ). In the CoSym, nitrate might be used as the electron acceptor for sulfide oxidation under anoxic conditions. The CoSym has a larger number of genes for energy production and conversion than intracellular heterotrophic symbionts (Table 3) , probably because it is a chemoautotrophic symbiont.
Inorganic Carbon Fixation, Synthesis of Cellular Components, and Their Transport
Carbon dioxide is most likely to be fixed by ribulose 1,5-bisphosphate carboxylase/oxygenase form II (cbbM) (Figure 1) . The genome has gene sets for glycolysis and the pentose phosphate cycle, but lacks some genes in the tricarboxilic acid (TCA) cycle (Figure 1 ). These pathways and the partial TCA cycle probably provide metabolic intermediates for biosynthesis of amino acids and other cellular components. Genes for the phosphoenolpyruvate (PEP)-dependent sugar and phosphotransferase system (PTS), a carbohydrate-importing system, were not found in the CoSym genome (Figure 1) , indicating that the symbiont does not absorb carbohydrates from the host.
Metabolic interdependence on amino acid biosynthesis has been shown in the symbiosis between the heterotrophic intracellular symbiont Buchnera and its aphid host [12] . Buchnera synthesizes essential amino acids for the aphid, and the aphid synthesizes nonessential amino acids for the Buchnera. Unlike that of Buchnera, the autotrophic CoSym genome encodes a complete gene set of biosynthetic pathways for 18 of 20 amino acids, whereas only a single gene is missing in each pathway of the essential amino acids threonine and histidine ( Figure 1 and Figure S4 ). The functions of these missing genes might be complemented by alternative gene products that have been categorized in this study as hypothetical genes or by intermediates supplied from the host.
The tsetse fly symbiont, Wigglesworthia, produces various cofactors, which are required by the host [13] , and the CoSym also has gene sets for the biosynthesis of various cofactors, fatty acids, and nucleotides (Figure 1 and Figure S5 ). Because the clam's digestive tract is vestigial, the symbiont is thought to supply amino acids, cofactors, and other nutrients to the host. However, genes for exporting these nutrients to host-cell vacuoles were not found in the CoSym genome. It has been reported that lysozyme activity is much higher in the gill tissue of Calyptogena magnifica than in the gill tissue of bivalves without a symbiont [18] and that lysosomes are found in the gill bacteriocytes of C. phaseoliformis [19] . The CoSym might be digested in bacteriocytes and the released nutrients subsequently absorbed by the host.
In summary, genome analyses of the symbiont of the deep-sea clam Calyptogena okutanii confirm that the symbiont CoSym is thioautotrophic and can synthesize almost all amino acids, various cofactors, and other nutrients for the host. The lack of transporters for amino acids, cofactors, and other nutrients to the host cell suggests that the symbiont is digested in the host cell. On the other hand, like heterotrophic vertically transmitted intracellular symbionts, most of the genes for Orthologs of the C. okutanii symbiont genome were searched for in the genome of Escherichia coli [8] . Some essential genes for the life of E. coli were found to be missing in the genome of the C. okutanii symbiont. ''COG'' denotes cluster of ortholog groups. two-component regulatory systems, sigma factors for transcription, DNA repair, and DNA recombination appear to have been lost as a result of an adaptation to the intracellular environment. The absence of crucial genes for cell division (e.g., ftsZ and related genes) in this symbiont raises the question of how it proliferates and maintains a stable population during host growth. Genome reduction might be accelerated by a single copy of the genome, by the existence of a small population of symbiont cells within each oocyte, and by the loss of DNA-recombination and -repair systems. To date, the CoSym genome is the smallest reported genome in autotrophs. No organelle capable of chemosynthesis has yet been found in eukaryotic cells. It might be possible that of the chemoautotrophic symbiont has already been enslaved (genetically and/or nutritionally dependent on the host cell) in the host cell but its genome is still continuously being reduced.
Supplemental Data
Experimental Procedures, five figures, and one table are available at http://www.current-biology.com/cgi/content/full/17/10/881/ DC1/.
